Sex ratios in 35 inflorescence and plant counts ofperenthal, sexually dimorphic Umbelliferae vary from 096 to 8733 times as many males as females. The ranges of ratios are similar in dioecious and gynodioecious populations.
Umbelliferae vary from 096 to 8733 times as many males as females. The ranges of ratios are similar in dioecious and gynodioecious populations.
In 10 populations in which both the inflorescences and plants were counted, the male/female ratios are approximately one in populations in which the plants produce only one inflorescence per year and increase as the average number of inflorescences increases.
The interpretation offered is that the sex ratio is approximately one until reproduction begins, and in subsequent years increasingly malebiased ratios develop because sexual reproduction utilises more of the available resources of females than of males. Following reproduction, male plants survive longer and grow more and so become predominant.
In dioecious Angiosperms generally, male-biased ratios are characteristic of long-lived repeatedly flowering species and may be partly due to differential post-reproductive growth.
It is postulated that male preponderance is not directly selected for, but is a secondary consequence of separate competition among males and among fema'es during sexual reproduction. The seed set and fitness of total populations may actually decrease with the development of marked male preponderance.
INTRODUCTION
ALTHOUGH males and females are almost equally common in some sexually dimorphic plants and animals, sex ratios deviating from equality have been reported at various stages of the life cycle in other species. A number of theories have been proposed to account for the variety of sex ratios observed. The theories can be grouped into the following three categories on the basis of the postulated mode of selection:
1. The sex ratios are not directly selected, but are governed by the chromosomal sex-determination mechanism and any other factors, such as sex-differential mortality, which are selected for effects other than those on the sex ratio. In the absence of differential success of male-and femaledetermining gametes and of differential survival of the sexes, the sex determination mechanisms of most species automatically produce equal numbers of males and females. Unequal sex ratios may occur, for example, at all stages from the zygote to reproductive maturity in polyploid plants with more than one male genotype (Martin, 1967) . Models of the effect of the quantity of seed produced by "hermaphrodites" of gynodioecious plants on the sex ratio (e.g. Lewis, 1941) assume that the sex ratio passively follows the relative reproductive output of the sexes.
2. The sex ratios maximise the reproductive success of individuals within a population. The best known hypothesis of this kind was proposed by Fisher (1930) and subsequently in greater detail by Kolman (1960) and 23Q Bodmer and Edwards (1960) . They postulated that sex ratios are selected to equalise parental expenditure on male and female offspring. This hypothesis predicts equality of the sexes at the end of the period of parental expenditure, but not necessarily at earlier stages (if there is post-zygotic parental expenditure) or during reproduction. 3. The sex ratios are adjusted to maximise the fitness of populations rather than that of the individuals within a population. Several population parameters have been suggested as the object of selection. Kalmus and Smith (1960) proposed that both the opportunities for mating and the genetical variation available for natural selection are maximised when the sexes are equally common. Lewis (1942) , Mulcahy (1967) and Kaplan (1972) have suggested that the sex ratio selected in plants maximises the total seed production of the population; the predicted sex ratio varies from equality to a marked excess of females, depending on the level of pollination. Wildish (1971) proposed that the sex ratio in Orehestia (Crustacea) populations regulates the reproductive potential of a population, and thus moves the density towards the optimal level. All these group selection hypotheses postulate that the target of selection is the sex ratio at reproduction.
Flowering plants have been the subject of relatively few sex ratio studies, although they have one considerable advantage over many animals, especially mammals. In Angiosperms, the period of parental expenditure, up to seed maturity, is relatively short in the life of the individual and is far removed from reproductive maturity. The intervening period is usually one of heavy mortality. There may therefore be considerable differences between the sex ratios of seeds and mature plants, providing evidence to distinguish between the various hypotheses. The sex ratios obtained in plants vary greatly (Lewis, 1942; Godley, 1964) and several factors, including gametic selection, sex-differential mortality, pollination and seed set levels and imperfect separation of the sexes have been invoked to explain the diverse ratios.
SEX EXPRESSION IN DIMORPHIC UMBELLIFERAE
The five genera Aciphylla, Anisotome, Scandia, Lignocarpa and Gingidia, together contain about 70 species and probably comprise a natural monophyletic group. They are all centred in or confined to the New Zealand region, where they represent one of the more spectacular adaptive radiations among the Angiosperms. The taxonomy of the group has been studied in a series of papers by Dawson, whose work to date is summarised in Dawson (1971) .
Most species of Umbelliferae are sexually monomorphic, with only hermaphrodite flowers or with male as well as hermaphrodite flowers. The five New Zealand genera are exceptional in the family in being sexually dimorphic or, occasionally, secondarily monomorphic following the loss of female plants.
It is likely that sexual dimorphism evolved only once in a common ancestor of the five modern genera. Nevertheless, the sexual dimorphism in the group is not uniform. All species of the largest genera, Aciphylla and Anisotome, and one species of Lignocarpa are dioecious, with strictly unisexual male and female plants. Seven species of Gingidia, Lignocarpa and Scandia are gyriodioecious, while G. trfoliolata and probably some populations of G.
enysii lack females and are andromonoecious.
The polleniferous plants of gynodioecious species bear a quantity of seed which varies greatly among the species and even among plants of one population. For example, in one population of G. montana the natural seed set on polleniferous plants varies from zero to 70 per cent. (Webb and Lloyd, unpublished data) . Furthermore, preliminary experiments have shown that the presence or absence of seed on the polleniferous plants of at least some dioecious and gynodioecious species depends on environmental conditions. Hence the distinction between the two classes of sex expression is not absolute. Polleniferous plants of the gynodloecious populations, as well as those of the dioecious populations, are referred to below as males, following the convention adopted in Lloyd (1972) . Female plants have never been seen to produce any pollen. In the New Zealand Umbelliferae, dioecy has probably evolved from gynodioecy by the gradual reduction of the seed set on males (cf. Ross, 1970) . Consequently, the sex ratios in the gynodioecious and dioecious species are considered together in the following results.
SEX RATIOS
Sex ratios were obtained in four genera (no counts of Scandia were made) by counting either the inflorescences or the plants in abundantly flowering populations. In all populations there was a minority of small, non-flowering individuals which could not be sexed. The likely sex ratio in these plants, which are all or almost all pre-reproductive juveniles, is considered below. In those populations in which the plants are closely Spaced and vegetative spread is considerable, individual plant limits are uncertain and only inflorescences were counted (table I) . In less dense populations observed before or after the flowering peak, only plant counts were recorded (table I) .
In 10 populations, it was possible to take reliable counts of both kinds (table  2) . The sex ratios are expressed as quotients, the number of males divided by the number of females. Among the 37 counts of both kinds, there is a general preponderance of males, which is significant in 30 populations and often reaches extreme proportions. Only one count showed a slight, non-significant excess of females (48 male:50 female plants). The remaining ratios varied from 103 to 8733 times as many males as females. In addition, in two inflorescence counts of C. trfoliolata, no females were observed (table 1) . Dawson (1967) also found a lack of females in this species. The range of ratios is similar in the two kinds of counts and in dioecious and gynodioecious species. Among the inflorescence counts, the 15 ratios of dioecious populations varied from 1.03 to 31 25, while the seven ratios of gynodioecious populations ranged from 1 04 to 40.33 (excluding the monomorphic C. trfoliolata). The geometric mean of all inflorescence ratios, excluding C. trfoliolata, is 477. When the x2 tests from the 22 inflorescence counts are pooled by the relationship 4 = (L))2/k (Bliss, 1967) , the sex ratio is significantly different from 1.0 (4 = 24230, with one d.f., P 0.01).
In the plant counts, the seven ratios of dioecious populations varied from 1 •23 to 8733, while the six ratios of gynodioecious populations varied from 0.96 to 36l. The geometric mean of all plant ratios, 267, is also significantly higher than 1.0 (4 = 280, P < 0.01).
There are clear differences between species in the sex ratios. For example, in all six counts on An. aromatica males were at least four times as frequent as females, whereas none of the four counts on L. carnosula reached a ratio as high as two. There is a tendency for the ratios to be higher in Anisotome than in the other genera but there is a wide overlap between genera.
Further analysis of the ratios is confined to the 10 populations in which both inflorescences and plants were counted. A third type of" ratio ", that of the number of inflorescences per plant (male/female), was obtained for these populations by dividing the average number of inflorescences per plant in males by the average number in females of the same population. All 10 such ratios are above l0 (table 2), indicating that male plants generally have more inflorescences than female plants. The average ratio, 1.41, is significantly higher than 1.0 (t = 278, P <0.05, tested on logarithms).
The average number of inflorescences per plant in males and females combined provides a rough measure of the extent of vegetative reproduction and the size of the plants in the various populations. As the average size increases, there appears to be a general tendency for all three ratios to increase also (table 2) . Model II regressions (Sokal and Rohlf, 1969) The regression of the ratio of the number of inflorescences per plant male/female) on the average number of inflorescences per plant is not significant (P>010). But with only 10 samples, the regression analysis is not very powerful. This ratio also may rise with increasing plant size, as the (Love, 1943; Smith, 1963 Smith, , 1968 2uk, 1963; Mulcahy, 1967; Putwain and Harper, 1972; Lewis, 1942 cites earlier counts) showed the sexes either near equality or with more numerous females, although one or more instances of male preponderance were observed in natural populations of Silene, Rumex and Populus species. In contrast Godley (1964) , in counts of 16 New Zealand and Chilean species belonging to 10 genera and families, listed a significant preponderance of males in 10 species, including one Gymnosperm. Significantly more females were found in only one species, Aciphylla aurea. (The reason for the discrepancy between the ratios for this species reported by Godley and the ratios recorded in this paper is not yet known.) Dawson (1967) Much of the diversity in the sex ratios of dioecious plants appears to be associated with differences in longevity between species and even within single species. The species with more numerous females are all herbaceous plants, either annuals like Mercurialis annua or perennials, such as Humulus japonicus. On the other hand, 13 of the 15 species previously reported with more numerous males in natural populations are long-lived woody perennials -mostly sizeable shrubs or trees. The other two species, Silene alba and Rumex acetosella, belong to genera with wide ranges in sex ratios which may be correlated with longevity.
In Rumex, R. hastatulus, a winter annual and R. thyrsijiorus, R. arzf'olius and R. acetosa, closely related perennials, have more numerous females (Correns, 1928; Smith, 1963; 2uk, 1963; Putwain and Harper, 1972) , due in R.
acetosa at least to gamete selection (Correns, bc. cit.) . The perennial species R. paucfolius has a slight, non-significant excess of males (Smith, 1968) . R. acetosella and its polyploid derivatives, R. angiocarpus and R. tenufo1ius have approximate equality of the sexes in Europe (Love, 1943; Putwain and Harper, 1972) , but R. acetosella shows a significant excess of males (54 per cent) in counts of New Zealand populations (Harris, 1968) . R. acetosella, with somewhat more numerous males than the other perennial species, spreads vegetatively more than does R. acetosa (Putwain and Harper, 1972) and has a weedy aggressiveness lacking in R. paucfolius (Smith, 1968) . Moreover, Harris (1968) found that the preponderance of males was significant in relatively closed communities in which R. acetosella had been established for several years, but was not significant in larger counts on roadsides, recently grown pastures and weedy fallows, where establishment was relatively recent or impermanent.
An association between longevity and a preponderance of males may be present in Silene also. S. otites has a slight excess of males (62 per cent), whereas S. alba has a small deficit of males (44 per cent, Correns, 1928) . Both species are short-lived perennial herbs, but according to Chater and Walters (1964) and Coode and Cullen (1967) , 5. alba sometimes behaves as an annual.
The sex ratios in the Umbelliferae also follow the association between 31/2-Q 2 longevity, accompanied by vegetative spread, and a preponderance of males. As described above, males and females appear to be equally frequent until reproductive maturity. Then the males grow larger and survive longer than the females, becoming progressively predominant as flowering is repeated in subsequent years. Several hypotheses are available to explain the preponderance of males in sexually dimorphic plants. The strongly male-biased sex ratios in dimorphic Umbelliferae and in other families cannot be easily explained by Fisher's (1930) hypotheses that sex ratios are adjusted to equalise parental expenditure on male and female offspring. A marked difference in parental expenditure on male and female seeds in a sexually dimorphic plant seems improbable in the relatively short period of parental expenditure during seed maturation. Moreover, the development of unequal sex ratios in the Umbelliferae and in Rumex acetosella appears predominantly, if not entirely, only in adult reproductive plants, long after parental expenditure has ceased. Differential production, germination or growth of male-and female-determining pollen and sex-differential seed germination or seeding growth were all listed by Godley (1964) as possible causes of male-biased sex ratios. These mechanisms also influence the sex ratio prior to sexual maturity and are unlikely to be the cause of male preponderance in the Umbelliferae and R. acetosella, at least.
A preponderance of males cannot be readily explained by any of the proposed group selection hypotheses, either. Most group selection hypotheses argue that the sex ratios are optimised at equality of the sexes (Kalmus and Smith, 1960) or when females predominate (e.g. Mulcahy, 1967; Kaplan, 1972 ) and hence do not apply to the present situation. Godley (1964) has suggested that" an excess of males may have arisen by selection to compensate for inefficiencies in pollination, in situations where seed production is limited by the availability of pollen and not by the number of ovules ". But when the males outnumber the females by several times, as in some of the Umbelliferae populations and in a proportion of the counts listed by Godley, the total seed capacity of the population is severely curtailed. Theoretical studies of the effect of the sex ratio on seed production in dioecious populations predict that the frequency of males will not exceed that of females, even when pollination is sparse (Kaplan, 1972; Lloyd, unpublished) . Faegri and van der Pijl (1966) suggested that the preponderance of males in Silent otites was an indication of transition from insect to wind pollination, but in view of the wide occurrence of male excesses in insect-pollinated plants (Godley, bc. cit., and the Umbelliferae considered here) this explanation is not generally tenable. Harris (1968) proposed that the processes of flowering and fruiting in the females of Rumex acetosella caused a greater depletion of reserves than did flowering in the males. He postulated that the males are consequently better able to initiate and maintain growth in the post-flowering season and are thus more successful in vegetative competition and come to predominate jn persistent populations. More recently, Putwain and Harper (1972) have shown that the males of R. acetosebba do indeed allocate a higher proportion of their dry weight to vegetative reproduction than do females. They showed, however, that the adjustment of the sex ratio in R. acetosebba is more complex than Harris postulated, since frequency-dependent growth of the sexes in experimental mixtures gives a relative advantage to the minority sex, tending to move deviant ratios towards equality. The two processes postulated by Harris and by Putwain and Harper may jointly control the sex ratio in this species. In the longer-established populations observed by Harris, the greater vegetative reproduction of the males apparently overrides, at least in part, the tendency towards equality.
A differential expenditure on male and female reproduction would also explain the much more deviant sex ratios observed in the dimorphic Umbelliferae. The natural history of these Umbelliferae suggests that the physiological cost of reproduction is higher in females than in males. The inflorescences are many-flowered and often large-up to 3 metres tall in Ac. scottthomsonii. After flowering, male inflorescences collapse and wither almost immediately, but female inflorescences remain alive and erect for several weeks while the seeds mature. The production of the many bulky seeds must entail a large expenditure of the females' energy resources. It would be expected, therefore, that female plants would grow less in the postreproductive season and would be more vulnerable to mortality factors. If this sex-differential performance was continued for a number of years, as the repeated flowering and apparent longevity of the plants indicate, increasingly male-preponderant sex ratios would result. The approximate equality of the sexes observed in the populations with the smallest plants and the increasing proportion and relative size of male plants with increasing plant size agree well with this hypothesis.
The explanation ofmale-biased ratios in terms ofpost-reproductive growth implies that these ratios are not selected for directly, but are a secondary, unavoidable consequence ofthe energy required for seed production. Natural selection may have indirectly produced predominantly male sex ratios in the following way. In a perennial species which reproduces repeatedly, a proportion of the resources available in any one year are used for reproduction and the remainder are invested in growth, defence and maintenance, which provide an opportunity for further reproduction in subsequent years (Murphy, 1968) . During sexual reproduction in a dioecious species of this kind, males compete only with other males. Females compete separately with each other for their contributions to the gene pool of future generations. The fraction of resources invested in any one year in reproduction may, therefore, be selected at different optima in males and females. In general, we may expect that the seeds will require more physiological resources than the pollen necessary to fertilise them, and that consequently individual males invest proportionately more than females in vegetative growth. The reproductive success of a male relative to other males will be maximised even if this results in a reduction of the frequency of females and hence of the seed set and fitness of the total population. In those populations with heavily male-biased sex ratios, the extreme reduction in the total reproductive potential may well jeopardise the long-term survival of the populations, especially in such a physically heterogeneous and changeable environment as that in New Zealand during the adaptive radiation of the dimorphic Umbelliferae.
The postulated discrepancy between the sexes in optimal reproductive effort will exist only if individuals reproduce more than once; monocarpic species would be expected to maximise the reproductive effort of both sexes. The discrepancy may therefore explain, in part, the prevalence of sex ratios showing an excess of males in longer-lived Angiosperms. The differences between the sexes in reproductive effort depends, however, on other factors besides longevity and repeated flowering. The proportion of resources allocated to each episode of sexual reproduction, the size and number of seeds and the economy of pollination (the ratio of pollen grains to ovules) will all influence the discrepancy between the sexes in the allocation of resources and hence the development of male-biased sex ratios. Moreover, at least one other quite different mechanism causes unequal sex ratios in Angiosperm populations. It has been shown in a number of the species with more numerous females that female-determining pollen nuclei are more successful than male-determining pollen nuclei in fertilising ovules (reviewed in Godley, 1964 and Mulcahy, 1967) . This process also contributes to the diversity of sex ratios in Angiosperms and might operate jointly with differential survival (and probably other factors) to control the sex ratio in some species.
